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FOREWORD

This final report of the' Orbital Transfer Vehicle (OTV) Concept Definition and
System Analysis Study was prepared by Boeing Aerospace Company for the National
Aeronautics and Space Administration's George C. Marshail Space Flight Center in
accordance with Contract NAS8-36107. The study was conducted under the direction of
the NASA OTV Study Manager, Mr. Donald Saxton, during the period from 1984 to
September 1986.

This final report is organized into the following nine documents:

VOL. I Executive Summary (Rev. A)
VOL. 1I OTV Concept Definition & Evaluation
Book 1 - Mission Analysis & System Requirements
Book 2 - OTV Concept Definition
Book 3 - Subsystem Trade Studies
Book 4 - Operations and Propellant Logisties
VOL. III System & Program Trades
VOL. IV Space Station Accommodations
VOL. V WBS & Dictionary
VOL. VI Cost Estimates
VOL. VII Integrated Technology Development Plan
VOL. VIII Environmental Analysis
VOL. IX Impliecations of Alternate Mission Models

and Launch Vehicles

The following personnel were key contributors during the conduct of the study in the

disciplines shown:

Study Manager E. Davis (Phase I - 3rd and 4th Quarters
and Phase II)

Mission & System D. Andrews (Phase [ - 1st and 2nd
Quarters)

Analysis J. Jordan, J. Hamilton

Configurations D. Parkaman, W. Sanders, D. MacWhirter

Propulsion W. Patterson, L. Cooper, G. Schmidt

Structures M. Musgrove, L. Duvall, D. Christianson,

M. Wright
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Thermal Control T. Flynn, R. Savage

Avionies D. Johnson, T. Moser, R. J. Gewinj,
D. Norvell

Electrical Power R. J. Gewin

Mass Properties J. Cannon

Reliability d. Reh

Aerothermodynamics R. Savage, P. Keller

Aeroguidance J. Bradt

Aerodynamies S. Ferguson

Performance M. Martin

Launch Operations J. Hagen

Flight Operations J. Jordan, M. Martin

Propellant Logistics W. Patterson, L. Cooper, C. Wilkinson

Station Accommodations D. Eder, C. Wilkinson

Cost & Programmatics D. Hasstedt, J. Kuhn, W. Yukawa

Documentation Support T. Sanders, S. Becklund

For further information contact:

Dan Saxton v Eldon E. Davis

NASA MSFC/PF20 Boeing Aerospace Company
MSFC, AL 35812 Seattle, WA 98124-2499
(205) 544-5035 (206) 773-6012
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1.0 INTRODUCTION

This section provides an overview of the entire study effort in terms of background,
objectives and issues, study/report organization, and content of this specific volume.

Use of trade names, names of manufacturers, or recommendations in this report
does not constitute an official endorsement either expressed or implied, by the National
Aeronautics and Space Administration.

And finally, it should be recognized that this study was conducted prior to the STS
safety review that resulted in an STS position of "no Centaur in Shuttle" and
subsequently an indication of no plans to accommodate a ecryo OTV or OTV propellant
dump/vent. The implications of this decision are briefly addressed in section 2.2 of
Volume [ and also in Volume IX reporting the Phase II effort which had the OTV
launched by an unmanned cargo launch vehiele. A full assessment of a safety

compatible eryo OTV launched by the Shuttle will require analysis in a future study.

1.1 BACKGROUND

Access to GEO and earth escape capability is currently achieved through the use of
partially reusable and expendable launch systems and expendable upper stages.
Projected mission requirements beyond the mid-1990's indicate durations and payload
characteristics in terms of mass and nature (manned missions) that will exceed the
capabilities of the existing upper stage fleet. Equally important as the physical
shortfalls is the relatively high cost to the payload. Based on STS launch and expendable
upper stages the cost of delivering payloads to GEO range from $12,000 to $24,000 per
pound.

A significant step in overcoming the above factors would be the development of a
highly efficient reusable upper stage. Numerous studies (ref. 1, 2, 3, 4) have been
conducted during the past decade concerning the definition of such a stage and its
program. The scope of these investigations have included a wide variety of system-level
issues dealing with the type of propulsion to be used, benefits of aeroassist, ground- and

space-basing, and impact of the launch system.

1.2 OBJECTIVES AND ISSUES

The overall objective of this study was to re-examine many of these same issues but
within the framework of the most recent projections in technology readiness, realization
that a space station is a firm national commitment, and a refinement in mission

projections out to 2010,
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The output of this effort was twofold: (1) the definition of a preferred OTV
concept(s) and its programmatics, and (2) definition of the key interfaces that would
occur between the OTV and Space Station.

During the first nineteen months of technical effort the specifie issues addressed
weres
a. What are the driving missions?

b. What are the preferred space-based OTV characteristies in terms of propulsion,
aeroassist, staging, and operability features?

c. What are the preferred ground-based OTV characteristics in terms of delivery
mode, aeroassist, and ability to satisfy the most demanding missions?

d. How extensive are the orbital support systems in terms of propellant logistics and

Space Station accommodations?

e. Where should the OTV be based?
f. How cost effective is a reusable OTV program?

g. What are the implications of using advanced launch vehicles?

1.3 STUDY/REPORT ORGANIZATION

Accomplishment of the objectives and investigation of the issues was done
considering two basic combinations of mission models and launch systems. Phase [
concerned itself with a mission model having 145 OTV flights during the 1995-2010
timeframe (Rev 8. model) and relied solely on the space shuttle for launching. Phase 2
considered a more ambitious model (Rev 9) having 442 flights during the same time
frame as well as use of a large unmanned cargo launch vehicle and an advanced Space
Shuttle (STS II).

The study is reported in nine separate volumes. Volume I presents an overview of
the results and findings for the entire study. Volume II through VIII contains material
associated only with the phase I activity. Volume IX presents material unique to the
phase II activity. Phase I involved five quarters of the technical effort and one quarter

was associated with the Phase II analyses.

1.4 DOCUMENT CONTENT

This specific document reports the work relating to establishing overall program
and system level characteristics associated with the Phase I activity. The most
significant factors influencing these results were the use of the STS as the launch
vehiele and the Rev 8 low mission model. The remainder of this document describes the

approach used to conduct these trades; the generic trades that are generally common to
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all concepts; optimization trades performed to select the best ground and space based
OTV's; a summary of the station OTV accommodations and propellant logistics trades;
and finally, the comparison of the baseline ground and space based OTV's to determine
the preferred basing mode. In most cases, the vehicles, subsystems and technical areas
being described are summary in nature however details are available in Volume II,
Book 3 and 4 and Volume IV. System level trades were also performed during Phase I
which involved a Rev. 9 mission model and large unmanned cargo launch vehicle. This
data is reported in Volume IX.

A final note deals with the numerous iterations of some of the concepts and trades
throughout the two year (6 quarters) study. As such, some material may reflect analysis
completed during the second quarter while others were completed during the third,
fourth or fifth quarters each with slightly different groundrules. For the most part

however, only the final definition/iteration is reported.
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2.0 APPROACH AND GROUNDRULES

The approach used to conduct the system level trades is shown in the logic flow of
figure 2-1. Mission analysis provided the mission profiles and velocity requirements
necessary to develop point design associated with each OTV concept. Generic trades
applicable to all concepts were then performed followed by optimization of each SB and
GB OTV concept. Selection of the winner in these trades was primarily based on life
cycle cost data which included preliminary (second quarter) station accom modations and
operations inputs. The selected SB OTV concept involved trades regarding the
aeroassist concept and staging. The selected SB and GB OTV concepts were then
considered in several program combinations to determine the preferred basing mode.
Contributing to both the SB OTV selection and basing mode trades were factors
resulting from final definition of the Station accommodations and operations. The
preferred OTV concept was then characterized in more detail to provide detailed cost
and schedule data, an indication of the technology needs and an expression of its
effectiveness relative to existing upper stages.

The key groundrules provided by NASA to be used in conducting these trades are
shown in table 2-1. Cost was to be the primary factor in selecting trade winners
although in some cases other factors such as risk or uncertainty were to be considered.
Four cost parameters are indicated, however, we did not apply any weighting factor or
priority to them. Should there be a significant DDT&E cost associated with a given
option but it has the best LCC, it is desirable for it to begin its payback no later than
50% through the mission model. Trade study decisions were to be based on use of the
Rev. 8 low mission model which averages approximately 8 flights per year to GEO
(130,000 1bs of payload). Shuttle capability reflects use of Orbiter 104 weights, 109%
SSME thrust, and filament wound cases for the SRB's. Cost per STS flight reflects a
cost base after 1988 and the different flight rates of the mission models. Scavenging
propellant is based on the capability of 10-12 STS flights per year for this funection and
use of cargo bay tanks. The IOC's of the OTV's reflect the earliest possible date
considering development durations and in addition the SB OTV must await the growth
version of Space Station.

The mission models used in performing the trades is presented in table 2-2. A key
factor contributing to each trade is the size of vehicle involved in terms of propellant
loading. An indieation of the propellant required for the principal missions in the low
model is shown in figure 2-2. The indicated propellant needs are for a SB single stage

ballute braked OTV however the other investigated concepts have similar values. It
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should be noted that the propellant load for each mission is shown for the case of the
vehicle being sized specifically for that mission. Also shown are other mission
parameters such as payload, number of missions for each category and first flight date.

The manned GEO sortie mission was used for the sizing mission for the SBOTV
trades up through vehicle optimization. This selection was used because even though
there are only three of these missions, the propellant load is only slightly larger than
that of the 20,000 lb GEO delivery missions. The final definition of the SB OTV however
compared the single stage approach with sizing the main vehicle for propellant loads
applicable to the 12,000 !b GEO delivery and GEO multimanifest missions and adding an
auxiliary propellant tank for more demanding missions.

Payloads for the nominal model are the same in mass as for the low model with the
exception that the lunar missions are significantly larger. For the 80,000/15,000
manned mission a total propellant loading of 180,000 lbs is required.

Further resolution on what was included in the life eycle cost analysis is indicated
in figure 2-3 for those hardware elements and operations associated with the space
transportation system involving the OTV. Particular emphasis was placed on defining
the major parameter associated with the operations cost since this aspect contributes

the majority of the LCC.

10
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3.0 GENERIC TRADES

Several trades and analyses fall under the category of generic trades or those whose
result is applicable to all OTV concepts. Specifically these trades included those
associated with propulsion and operability. A ballute braked SB OTV was used to
perform the trades however use of any one of the other SB OTV concepts would ‘give the
same results. Furthermore, to simplify the analysis and get though some of the basic
trades as effectively as possible we used a single stage vehicle wherever practical. The
first three years of the mission model was eliminated since the SB OTV's did not have an
IOC until 1997. However, should the full model be used there would be no difference in

the selected concepts.

3.1 REFERENCE CONFIGURATION

The characteristies of the SB OTV used to perform the generic trades as well as the
optimization trades for the ballute brake OTV are shown in figure 3.1-1. The
configuration is an updated version of the Phase I midterm coneept primarily reflecting
a better understanding of the concept in terms of design and operational features. A
deployable debris shield was eliminated in favor of a fixed shield. The propellant tank
was reduced 4 inches to have the total vehicle diameter to be compatible with the
180 in dynamic envelope of the Space Shuttle's Orbiter. RCS thrusters were moved from
the mid body to the forward end to minimize plume impingement concerns on the
radiators and ballute when it is deployed. The ballute when deployed is 50 ft in
diameter, uses a turndown ratio of 1.5 and has a backwall temperature of 6000F and is
used only once. During the aeromaneuver the engines are stowed within the heat shield.
When sized for the manned sortie mssion the vehicle is 35.7 ft in length and has a
startburn weight of 78,170 lbs.

Table 3.1-1 identifies a number of design and operational features that are common
to all SB OTV's including the reference concept. In addition, the design features are
also applicable to the GB OTV. One exception, is that the main engine for the GB OTV
would not need the space maintainable features or diagnostic provisions. The remainder
of the design features are self explanatory.

The other exception is that the SB OTV is always launched empty. This approach
minimizes the structural weight and thus minimizes the amount of propellant per
mission. The SB OTV is stored in a hanger for several reasons: (1) maintenance on the

OTV can be more effectively performed and (2) protection is provided against space

13
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debris and meteoroids. The SB OTV will remain on orbit until the end of its useful life

or a very rare failure occurs that has not had on-orbit maintenance provisions provided.

3.2 MAIN PROPULSION
The principal main propulsion trades that influence the overall vehicle

configuration and operations involves the propellant and engine selection.

3.2.1 Main Propellant

This trade was conducted as part of the midterm effort and used the BAC version
of the Rev. 7 nominal mission model. This version had 252 OTV flights (vs 450 for the
NASA model) and turned out to be essentially the same as the NASA Rev 8 nominal
model (257 flights). Although the Rev. 8 low model (145 flights) would have reduced the
difference between the high and low performance concepts it was judged the conclusion
would still be the same so the trade was not rerun. The other difference associated with
the mid-term trade was that the weights of the vehicles were lower and should the
higher final weights have been used the higher performance concepts would have again
been more desirable. The remaining paragraphs of this section deseribe the trade as it
was conducted.

Nine different propellant combinations were initially considered. The development
cost characteristics for engines which use these propellants is shown in figure 3.2-1.
There is essentially two groupings relative to cost. Applying screening criteria of
selecting the highest performer (Isp) from each group of development cost in addition to
a non cryo propellant and a propellant suitable for system evolution resulted in selecting
LF9/LH9,LO2/LH2, NgO4/MMH and N9O4/MMH + LO2/LH2 for further examination.

The configuration and performance characteristics for OTV's using the four
candidate propellants are presented in figure 3.2-2. Specific impulse and bulk density
contribute to the dry weight which in turn influences the propellant requirement. Based
on these factors the LF2/LH2 systems require the least propellant followed by
LO9/LH9. The storable system even using two stages required nearly twice the
propellant as the LO2/LHg2 system. The hybrid system provided an improvement over
the storable but still required considerably more propellant than the all eryo systems.

The undiscounted and discounted life cycle cost (LCC) comparison of OTV programs
using the candidate propellants is shown in figure 3.2-3. All hardware and operations
elements identified in Section 2.0 are included. The N204/MMH system has the least
development cost but its high operations cost associated with propellant delivery (due to

low Isp) resulted in the highest LCC. A LO9/LH2 system gives the least LCC if
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propellant scavenging is used even though its performance is not as good as LF9/LHa.
This occurs because over 30% of the propellant is delivered via scavenging which
reduces the net propellant delivery cost by 30% relative to a system that does not use
scavenging. Although LH2 could be scavenged for the LF2/LH9 option it represents only
a small fraction of the total propellant requirement and was judged not worth the
complexity. The hybrid system had even a higher development cost than the LF9/LH2
system primarily because two stages rather than one required development.

Our recommendation for main propellant is LO2/LH2. This system provides a
discounted life cyecle cost advantage of 9% over the LF2/LH2 when propellant
scavenging is used. In addition, the LO2/LH2 does not have the risks associated with
handling and the extra equipment and operational procedures associated with LF2. The
recommended LO2/LH2 system provides a 30% LCC advantage over the storable system
due to the differences in operations cost resulting form its performance characteristies.
For performance reasons the storable system required use of two stages and this would

also be additional operational complexity relative to the one stage LO2/LH2 system.

3.2.2 Main Engine

One of the top level trades associated with the study is that of selecting the main
engine that can be used with the previously selected LO2/LH2 propellant. The key
characteristics of the investigated engines are shown in table 3.2-1. Data for the
advanced engine shows several parameters with different values for the space and
ground versions of the engine. The most significant differences between engine
candidates involve weight (value shown is for one engine and two is the baseline), Isp
particularly for low g applications, life, and development time and cost. The key issue
in this trade was whether the benefits of the advanced engine can offset its higher
development cost. Hereafter, the advanced engine is referred to as ASE for advanced
space engine even though some of its characteristics are different from another engine
studied by NASA with the same name.

Propellant requirement and payload capability for OTV's using the candidate
engines is presented in figure 3.2-4. For the case of performing the manned GEO
servicing sortie (MGSS) mission, the ASE provides an 8.6% and 14% advantage over the
RL10-III and RL10-IIB, respectively. Using a fixed amount of usable propellant for a
GEO payload delivery mission, the ASE provides a 16.2% and 29% advantage over the
RL10-11I and RL10-1IB, respectively. In both cases, the higher Isp and lower weight per

engine are the major contributing factors.
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The undiscounted and discounted life cyele cost (LCC) comparison of the main
engines are presented in figure 3.2-5 in terms of their influence on total OTV program
cost. An OTV with ASE's provides a 4.4% and 8.4% advantage over the RL10-III and
RL10-IIB respectively. However, the ASE does have higher development cost and thus
the disecounted LCC comparison is closer which makes the time phased cost comparison
an important parameter.

The plots shown in figure 3.2-6 present the cumulative LCC difference by year
between a reference vehicle and any alternate vehicle in both discounted and
undiscounted dollars. The influence of discounting in terms of how soon a given option
begins to payback is clearly indicated. The reference vehicle has been chosen as one
which uses ASE'S and as such is indicated by the zero dollar line. For the discounted
case, which is most significant in terms of decisions when considering advanced
hardware/programs, the data indicates the reference vehicle using ASE is increasingly
more expensive than the alternatives out to the point of beginning to fly the missions in
1994. In subsequent years however, the ASE is more efficient in terms of performance
and requires less propellant thus lower recurring cost. By about 2001 the reference OTV
with ASE's becomes cheaper than an RL10-11B OTV and cheaper than an OTV with
RL10-111 in 2005.

Our recommendations for main engine for OTV application is the advanced
LO2/LH2 system with the characteristics indicated in table 3.2-2. Although the
discounted payback relative to the closest competitor (RL10-111) takes a little longer
than desired, other advantages such as additional performance capability to handle
changes in mission requirements and better operations features in terms of dealing with
design life and maintenance justify the selection of the ASE.

Application for a GB OTV has not been shown; however, the performance aspects

are even more important due to liftoff limits as will be discussed later in section 5.0.

3.3 OPERABILITY

Several issues relate to the overall operability of the OTV. These include: (1) what
is the optimum amount of redundancy associated with a given mission, (2) which
components should have the potential for on-orbit maintenance, and (3) how is man
rating best achieved. Each of these issues is discussed in terms of trades and analysis in

the following paragraphs.
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3.3.1 Redundancy Optimization

In the area of redundancy optimization the effort was focused on unmanned
vehicles since the low model was dominated by unmanned missions (37%). The method
employed to determine the optimum redundancy was to find the reliability (meaning
complement of components) value which gave the least program cost. Four cost factors
are involved. Higher reliability means more components and increased weight which
would increase the development, production and operations (that portion dealing with
propellant launch) costs. However, one cost factor, reflight cost relating to having to
refly due to a failed mission, would decrease with increased reliability.

Increases in reliability were determined by adding components to a single thread
(one component per required function) that contribute the most delta reliability per
delta pound or delta unit cost. The results of this step in the analysis is shown in figure
3.3-1 including an indication of a few of the key components. A more indepth analysis
of the reliability prediction both for the single thread point and increases in reliability
with additional components can be found in Volume II, Book 3."

The cost impact on DDTE, production and operations cost when going from the
single thread reliability point of 0.92 to a vehicle reliability level of 0.9998 (highest
value calculated) is shown in figure 3.3-2. A major contributor to the increase in DDTE
cost is that associated with software (30%) necessary to manage the additional
components. Production cost is reflecting the additional components necessary for the
equivalent of 2.5 vehicles which would be required to perform 100 flights. The extra
component weight requires more propellant per flight and thus increased launch cost. It
will be noted however the greatest swing in cost in going from the single thread point to
0.9998 is that associated with reflight. This curve reflects the contributions occurring
if the flight is lost on the delivery leg (prior to payload deployment) or on the return leg.
The primary cost difference between the delivery and return leg is that if failure occurs
during the former, a replacement spacecraft must be bought ($§100M) and the OTV and
its propellant for the reflight must be launched whereas for the downleg only a new OTV
needs to be procured.

The combined effect of all of these cost factors is shown in figure 3.3-3 and
indicates a cost optimum reliability of 0.995. A few of the more significant components
contributing to the optimum redundaney are indicated. Noteworthy is the addition of a
second main engine. The cost optimum reliability point required the addition of 45
components to a single thread design which is significantly less than having a full fail

safe (one complete extra set of components) configuration. A fail safe concept would
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require an extra 1000 pounds of propellant per mission and result in a $2 million dollar
penalty for each flight.

Sensitivity of the optimum reliability level to spacecraft and launch cost for
unmanned applications was also investigated. The prior analysis had assumed $70M for
the STS launch cost and $100M for the spacecraft cost. The cost optimized reliability
was .995. For the cases of changing only the spacecraft cost to $300 or changing both
spacecraft and launch cost to $300M and $100M respectively, there was no impact on
the cost optimum point. However, changing only the launch cost to $100M moved the

cost optimum reliability point back to 0.992.

3.3.2 On-Orbit Maintenance Provisions

An additional aspect of orbital operations associated with a SB OTV is that of
identifying how many of the components required for redundancy reasons should also
have "easy" on-orbit remove and replacement (R&R) provisions. By easy is meant
performing the R&R task while in a pressure suit and zero g or even via roboties. For
example, component installation characteristics on most current spacecraft or space
transportation systems generally use an approach that is earth oriented and would be
extremely difficult if not impossible to effectively R&R a component in space. Past
studies such as Future Orbital Transfer Vehicle have indicated a 25% weight penalty
(average) to enable effective on-orbit R&R. Should the component not be designed for
effective R&R, the SB OTV may have to be returned to earth for these repairs.

The first step in this analysis was to identify the components with the most
frequent failure and impact on frequency of OTV earth return for maintenance. This
data is presented in table 3.3-1. The information on the left side lists the components
with the most frequent failures taking into account the failure rate of the component
and the number of components on-board a fail safe reliability configuration. For
example a main engine is expected to fail every 27 flights. The cum for the total
vehicle is about one failure per 6 flights.

Should no on-orbit R&R provisions be provided, data on the right side indicates the
SB OTV would be brought back to earth for maintenance on the average of every six
flights which would dramatically decrease the effectiveness of a spaced based OTV,
However, incorporating the on-orbit R&R capability improves the MMTER considerably.
For example, capability to R&R the RCS thrusters increases the MMTER to once every
11 flights. Also incorporating provisions for the main engine increases the cum MMTER

to nearly one every 19 flights ete.
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The impact of providing easy on-orbit R&R ecan be expressed in several ways as
shown in figure 3.3-4. On the left is shown the impact on reducing the number of
relaunches as the MMTER is increased. However, as indicated earlier to achieve the
easy on-orbit R&R requires additional weight in the form of simplier but heavier
mounting plates and fastners and quick disconnects on fluid and eleetrical connections.
The impact of higher MMTER on weight is shown on the right plot. In addition to the
dry weights of the components, the resulting propellant inerease is also indicated.

The cost optimum amount of maintenance provisions is found by combining the
relaunch and per flight cost as shown in figure 3.3-5. As would be expected, a higher
MMTER results in less cost associated with relaunches but increased cost for launching
extra propellant due to heavier weight. As indicated, the influence of relaunches is
much more significant and results in the cum cost curve becoming rather shallow after a
MMTER of 60 flights is reached.

Several observations can be made from these data. Although the cost does get
lower with MMTER greater than 80 flights, provisions for easy R&R of components
contributing more to the MMTER may not be justified. Second, the rather arbitrarily
assumed design life of 40 flights for the OTV turned out to be quite reasonable in terms
of impact of on-orbit maintenance provisions. This design life should include the
maintenance capability at least up through fuel cells but beyond this point the payoff is
not that significant. However, it should be noted that additional design life say to 60
flights could reduce the OTV production quantity by one vehicle in 124 flights and thus
save approximately $50 million in production cost as well as reducing operations cost
associated with on-orbit maintenance by another $30 million if the additional capability

is provided.

3.3.3 Man-Rating

Safety considerations associated with manned OTV flights, the weight of the
additional components and the flight time and frequency make the most effective
method of achieving man rating a challenging issue. In the low mission model the first
flight does not occur until 2008 followed by one each in 2009 and 2010.

Several options for satisfying the manned OTV flights were considered and are
summarized in table 3.3-2. Option 1 had full man-rated capability beginning with the
IOC and as a result the additional weight would have a significant impact on LCC but
low development cost. This option was used for all SB OTV trades out through selection
of the preferred SB OTV concept because it simplified the analysis and our primary goal

through that point was to have good relative comparisons. Option 2 in effect had a
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tailored vehicle for manned application which would add to the DDT&E and if this
vehicle was used for unmanned flights it would pay a performance penalty. The third
option had some of the redundancy for a manned OTV placed on the vehicle (thrusters,
wiring, plumbing) but wherever practical the remainder was placed in the crew module.
Although this minimized the performance penalty for other missions it did complicate
the interface between the two OTV elements. The fourth option was that of
incorporating into one vehicle design the full potential for manned flights. This
consisted of having the necessary volume, plumbing, wiring, data cables installed in the
basic unmanned OTV. On a manned mission the required "functional boxes" (i.e. fuel
cell) were installed before the flight. After the flight these functional boxes were
removed.

A complete cost comparison of these options was not conducted. Option 4 (one
vehicle/full potential) was selected and used to perform the trades dealing with
selection of the preferred SB OTV and basing mode. Although this option may not be as
cost effective as Option 2 for the Rev. 8 mission model it does provide a high degree of
flexibility to perform the manned mission should it occur sooner than indicated. In
addition, it is more cost effective than Option 1 as will be discussed in the next
paragraph and has far less operational complexity than Option 3. It is suggested that
any further analysis in this area should consider variants of the Rev 8 model in terms of
the number, frequency and IOC of manned missions.

The weight implications of man rating options relative to the cost optimum
redundaney used for the unmanned OTYV is indicated in table 3.3-3. To achieve full man
rated capability an additional 83 components were required resulting in an increase of
418 lbs relative to the cost optimum unmanned OTV. Incorporation of only the manned
scar provisions (option 4 in the previous paragraphs) into the unmanned vehicle would
reduce this weight impact to 191 lbs. The result of using the manned scar approach is a
savings of 227 lbs of equipment which translates into 680 lbs of propellant per flight and

nearly $110 million savings over the 124 flight mission model.
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4.0 SB OTV OPTIMIZATION TRADES

This section presents the trades associated with the individual optimization of the
ballute brake, lifting brake, and shaped brake configurations and concludes with the
trades performed to select the preferred aeroassist concept and staging approach:
Further discussion concerning the various concepts investigated can be found in

Volume II, Book 3.

4.1 BALLUTE BRAKED OTV
Trades conducted to establish the overall configuration, performance and cost

characteristics include turndown ratio, backwall temperature and drag control mode.

4.1.1 Turndown Ratio

The turndown ratio (TR) for the ballute is defined as the maximum to minimum
value on CpA during the aerobraking maneuver. Changing the TR during the maneuver
is one means to counter the uncertainties in the predicted atmosphere, errors in
guidance and navigation, ete. The factors associated with the TR trade are shown in
figure 4.1-1. The TR's considered resulted in a range of apogee veloeity corrections.
Several key issues have been associated with turndown. Obviously the impact of the
delta V after the maneuver is of interest, but must be viewed in terms of the total
mission delta V requirement. Physical limits on the ballute integrity, in terms of
collapsing because of delta pressure conditions, is also a concern. Finally, there is
uncertainty regarding stability control authority. The reference ballute configuration
previously described in section 3.1 was used for this analysis, including a constant
ballute diameter for all TR's. The most demanding of the three STS atmospheres
available at this time is that of STS-2 and represents what will probably be 3 sigma
values.

As indicated earlier, one impact of TR is that of delta V correction after the
aeromaneuver to achieve the desired apogee conditions. The left plot of figure 4.1-2
shows the resulting deita Vs for the four TRs with a range of over 1800 fps for TR=1.1
to nearly zero for 2.2. The majority of the delta V is associated with the apogee
correction although a small increment results from the error in plane (inclination) which
ocecurs during the maneuver. These values must be considered in context of the total

propulsive delta V for the mission which is nearly 19,700 fps.
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A comparison of the propellant requirement for a typical mission is also indicated
in figure 4.1-2. It will be noted that the additional 1800 fps for TR of 1.1 translates into
an extra 7000 lbs of propellant relative to a TR=2.2.

Also shown is a brief summary of test data that has been obtained through the
Boeing/Goodyear AFE study. A TR of 1.49 was demonstrated and post analysis of the
data indicated the value was limited to a large degree by the design concept employed
and the ability to scale down all of the necessary features associated with the ballute.

The LCC comparison for the candidate TRs is presented in figure 4.1-3. The total
OTV program undiscounted cost comparison shows a small advantage for the TR of 2.2
vs. 1.5. This difference is strictly related to the slightly better performance as a result
of requiring essentially no delta V correction after the aeromaneuver versus 250 fps for
a TR=1.5. When discounting is applied there is essentially no difference between the TR
of 1.5 and 2.2.

The time phased LCC comparison is presented in figure 4.1-4. The cum cost
difference between the reference concept using a TR=1.5 versus the other alternatives
is indicated. Because there is no difference in DDT&E between the concepts the
indicated difference is strictly reflecting the operations cost with the TR of 2.2 giving a
small advantage over 1.5.

The ballute aerodynamic stability is important because it restricts the center of
gravity location when the requirement for positive static margin is imposed. Static
margin in this case is defined as the distance between the aerodynamic center (a.c.) and
the center of gravity. A positive static margin requirement is necessary because the
aerodynamic moments are large relative to the reaction control system (RCS) moment.
The aerodynamic moment per degree alpha for a static margin of 5% of the length is as
large as 1070 ft-lb as compared with an RCS moment for the current design of only
445 ft-b. The a.c..-c.g. relationships for the ballute OTV are shown in figure 4.1-5. The
aerodynamic center is expressed in terms of ballute turn-down angle and is more
restrictive (further upstream and closer to the center of gravity) for the lower turndown
angles. For positive static margin, the aerodynamic center must be downstream of the
center of gravity for the maximum turndown condition. The minimum static margin was
selected as 5% of the vehicle length based on prior experience with aerodynamically
stabilized vehicles. As indicated on the configuration showing both e.g. and a.c. data,
the 5% margin is available for the worst case situation.

Our recommendation is to baseline a turndown of 1.5. The cost penalty for this TR
is extremely small compared to a TR of 2.2 and most importantly the TR of 1.5 has

already been demonstrated. [n summary, the delta V for apogee correction after the
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aeromaneuver is relatively small compared to the total propulsive delta V requirement

and does not justify from a cost standpoint a TR beyond 1.5.

4.1.2 Backwall Temperature and Drag Control Trade

The ballute backwall (B/W) temperature and drag control trades have been
combined into one joint trade so that comparison of competing technologies were more
apparent. Characteristies of the options considered are shown in figure 4.1-6. The B/W
temperature in question is actually that which occurs at the backside of the material on
the front surface of the ballute. The backwall temperature options of 6000F and 15000F
require different materials used for the flexible surface insulation (FSI). In the case of
the 15000F concept, Nextel with CS 105 (a sealer that is currently available) is required
as well as more insulation along the body of the OTV.

Besides the turndown method previously discussed for drag control another option is
the use of jet flow from the main engine to modulate or vary the amount of on coming
air flow and thus the drag experienced by the vehicle. Operating the main engine from
a tank head to pump idle provides a 10 to 1 ratio in drag coefficient.

A more in depth discussion concerning the TPS aspects of these options can be
found in Volume II, Book 3.

Data pertaining to OTV dry weight and propellant differences for combination of
B/W temperature and drag control method are presented in figure 4.1-7. The reference
ballute OTV concept used a TR=1.5 and 6000F B/W. Going to a 15000F B/W reduced the
OTV dry weight by 933 lbs primarily as a result of significantly less TPS on the ballute
although some insulation is required along the body of the OTV. The additional
structure weight is due to the use of Nextel rather than Kevlar. Maintaining the 6000F
B/W but using engine modulation for drag control was also lighter than the reference
OTV by 466 lbs primarily as a result of less structure associated with the engine
compartment and TPS and thus less propellant however, the gain was reduced by the
propellant for the delta V correction after the aeromaneuver as well as inflation gas.
Going to a 15000F B/W with engine modulation has the greatest weight savings as it
incorporated the advantages of both high performance concepts.

Propellant requirements for these options relative to two typical missions is also
indicated. The 15000F B/W and engine modulation concept requires the least amount of
propellant but by less than a 1000 lbs over the 15000F B/W, TR=1.5 concept.

The LCC comparison of the options is shown in figure 4.1-8. Due to its
performance characteristics, the system using 15000F B/W and engine modulation

provides the least cost. The range of undiscounted LCC cost between the options
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however is only about 6% with essentially no difference in DDT&E. The same trend
holds true for the discounted cost comparison.

All alternates show improved time phased LCC cost characteristies relative to the
reference concept as indicated in figure 4.1-9. The difference between the two 15000F
B/W concepts for the discounted case averages less than 20 million dollars with the
engine modulation concept being the ieast cost.

Our recommendation is to baseline the ballute using a 15000F B/W temperature and
a turndown ratio of 1.5. Although this option has a small cost (1%) and performance
penalty (1%) relative to the engine modulation concept there are far fewer uncertainties
regarding flow interaction and engine instability. Material availability and a 5% cost

advantage of the recommended system also justify it over the 6000F B/W option.

4.1.3 Baseline Vehicle

The SB ballute braked OTV resulting from our optimization studies is shown in
figure 4.1-10. The stage has a diameter of 14.5 ft., a length of 35.2 ft. and a start burn
weight of 74,140 lbs. when sized for a manned GEO sortie mission. The ballute used
during the aeromaneuver is 50 ft. (max.) in diameter. The aerobreaking provisions
include a ballute with a 15000F backwall temperature and a turndown ratio of 1.5
(max./min. ratio of CpA). The main engines are stowed behind the heat shield during
the aeromaneuver. The ballute is used only once and the tile surface heat shield is

replaced every 20 flights. No vehicle on-orbit assembly is required.

4,2 LIFTING BRAKE OTYV
Trades conducted to obtain the preferred lifting brake (L/B) OTV involved

configuration alternatives and variations in lift-to-drag (L/D) during the aeromaneuver.

4.2.1 Configuration Selection

The analysis conducted early in the study considered two major SB OTV configura-
tions for lifting brake application. The concepts shown in figure 4.2-1 included an in-
line two tank arrangement and a four tank concept. Due to wake heating impingement,
the in-line concept required a larger diameter brake, more dry weight and propellant
and resulted in a higher LCC. The four tank concept thus served as the early reference
for the L/B OTV.

During the optimization studies an alternative to the four tank arrangement was
developed. The comparison of the two concepts is presented in figure 4.2-2. The most

significant feature of the new (third quarter) configuration is that the propellant tanks

S0
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and avionies have been integrated into one module called the propellant avionies module
(PAM). The result is less on orbit assembly both in terms of major elements and fluid
and electrical connections. The major factor contributing to the weight increase over
the midterm is that more in-depth thermal analysis indicated the need for an increase in
TPS thickness on the brake assuming a 6000F backwall temperature. Should the
midterm configuration receive the same amount of analysis as the new configuration the
weight would be just as heavy. Accordingly, because of on-orbit assembly and weight
considerations the new configuration employing an integrated propulsion avionics

module is selected as the baseline for the symmetrical lifting brake concept.

4.2.2 Lift-to-Drag

In the lifting brake concept, lift is used to control the depth of atmosphere
penetration (via banking the vehicle) during the aeromaneuver so that the desired exit
condition and apogee is achieved. Lift is achieved by off-setting the c.g. so that an
angle of attack is available which in turn varies the drag.

Several different lift to drag ratios (L/D) were investigated. The impact on delta V
correction after the aeromaneuver to achieve the proper apogee condition and the
resulting impaet on performance is shown in figure 4.2-3. Data on the left shows a
delta V correction ranging between 464 fps for an L/D of 0.117 to 653 fps for an L/D of
0.324 when using the STS-2 atmosphere and the other specified conditions. The
correction delta V is higher for high L/D options because the higher angle of attack that
is required also results in a lower Cp and drag. This in turn means the vehicle is going
faster than desired as it exits the atmosphere. The impact of the delta V correction is
expressed on the right side in terms of propellant requirement for two typical missions.
The results indicate little difference between the L/D's and this is because the
correction delta is a small fraction of the nearly 19,700 fps propulsive requirement to
perform the total mission.

The LCC comparison for this trade is shown in figure 4.2-4. As would be expected
with little difference in performance, the LCC comparison also shows little difference
with the L/D of 0.117 providing a small advantage. The time phased comparison is
shown in figure 4.2-5. '

Based on the above cost data and no significant risk difference, an L/D of 0.117 is

selected for the baseline.
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4.2.3 Baseline Vehicle

The lifting brake OTV resulting from our optimization analysis is shown in figure
4.2-6. A major feature of the configuration is that the propellant tanks and avionies
have been incorporated into one ground integrated propellant/avioniecs module thereby
reducing the amount of on-orbit assembly. The overall diameter of the brake is 42 ft.
During the aeromaneuver, the vehicle flies with an L/D of 0.117 with the engines stowed
behind the heat shield. The dry weight of the vehicle is 9,974 lbs and requires nearly
69,700 lbs of propellant when performing the manned GEO sortie mission.

The on-orbit assembly operations are shown in figure 4.2.-7. All elements of the
lifting brake concept can be delivered in a single shuttle flight. Initially the brake
structure is deployed followed by assembly of the support struts. The main engines are
attached to the propellant avionics module and this unit then attached to the brake.
The final step involves the attachment of the flexible TPS to the brake. The flex TPS
has not been attached to the brake during launch for several reasons. One, the brake
structure itself can be supported more securely so that its dynamie frequency during
launch satisfies shuttle requirements. Second, we are uncertain of the dynamic response
of the flex TPS if it was "rather loosely" attached to the structure during launch. And
finally, the flex TPS by study groundrules is to be replaced every 5 flights. However,
the brake structure is good for 40 flights. Thus there is the requirement to launch the

TPS separately and have the ability to install it on-orbit.
4,3 SHAPED BRAKE OTV

4.3.1 Configuration Selection

Early configurations for this concept tended to be similar to those originally
proposed by NASA JSC. The comparison of this concept with one developed by Boeing
during the third quarter is presented in figure 4.3-1. Several major differences exist
between the two concepts. One change in the Boeing concept is the use of an integrated
propulsion and avoinies module (PAM). This PAM differs from the L/B concept in that
the main engines can also be included because they are installed on the aft end rather
than perpendicular to the PAM. The other major change is the use of a 3 piece rigid
brake rather than 7 to 9 pieces used in the midterm configuration. Advanced shuttle
tiles are used in both cases. It will also be noted that the brake is now elliptical rather
than circular in plan form in order to accommodate the PAM, however, the W/CDA

remained nearly the same.
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Several benefits resulted from the third quarter concept. One, there is far less on
orbit assembly of major elements and fewer fluid/electrical connections. The PAM also
has allowed a more efficient structural concept as it serves as the backbone of the
configuration. The result was a significant decrease in the depth of the beams and ribs
which contributed significantly to reducing the midterm dry weight of the OTV by over
2000 lbs.

4.3.2 Baseline Vehicle

Further detail on the SB shaped brake OTV resulting from our optimization analysis
is shown in Figure 4.3-2. This concept has a propulsion/avoinies module (PAM) that is
fully integrated on the ground. The PAM consists of two LH2 tanks, one LO9 tank, two
avionics bays and RCS provisions. The difference between this concept and the L/B is
that the engines are also included in the PAM. The rigid shell of the brake is elliptical
in planform and consists of three major sections. The TPS material is advanced FRCI.
Stage startburn weight for the manned GEO sortie is 82,496 lbs.

The assembly sequence for the SB shaped brake OTV is shown in figure 4.3-3. Three
STS launches are required to deliver the elements to the Space Station. One launch
contains the PAM, another the two outside sections of the brake, and the third the brake
center section. The assembly operation consists of attaching the three brake sections,
installation of the support struts, and finally attachment of the PAM indicated as the

core module.

4.4 SB OTV SELECTION TRADES
Following the optimization of each of the three SB OTV aeroassist concepts they
were compared to determine which would be the recommended concept in terms

aeroassist and staging.

4.4.1 Aeroassist Concept Comparison

Characteristiecs of each of the optimized concepts are presented in figure 4.4-1.
Major differences include the number of uses associated with the brake elements, the
brake dry weight, OTV dry weight and propellent when sized for the manned mission.
Also to be noted is that the L/B and S/B concepts require on orbit assembly while the
ballute brake concept does not and that the overall size of the L/B and S/B are larger
than the ballute concept at all times other than during the aeromaneuver.

In figure 4.4-2 the three aeroassist concepts are compared in terms of propellant

requirement for two typical missions and the hangar size required at the Space Station.
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The dry weight difference is the principal contributor to the propellant difference with
the ballute concept showing a 5% advantage over the L/B and 7% over the S/B. The
hangar size for the ballute is considerably smaller than that required for the L/B and
S/B because its braking device (ballute) is not deployed until the aeromaneuver.

The cost comparison of these conecepts is shown in figure 4.4-3. I[tems included in
the cost are the OTV, Station accommodations, propellant tankers, and all STS launch
cost associated with delivery of these elements to orbit as well as launch of the
payloads to be delivered by the OTV. On an undiscounted basis, the ballute braked
vehicle provides a cost advantage of 3.4% and 7.7% over the lifting and shaped brake
concepts, respectively. This same trend holds true for the discounted case. The
advantage of the ballute OTV is the result of having better performance characteristics
and thus lower operations cost. Because there is no significant difference in DDT&E
cost, the time phased LCC comparison shown in figure 4.4-4 reflects only the difference
in operations cost.

Our recommendation for the SB OTV in terms of aeroassist concept is a ballute
designed for a turndown of 1.5 and a backwall temperature of 15000F. The rationale
for the recommendation is shown in Table 4.4-1. This concept provides a LCC cost
advantage beginning at I0C, does not require any on orbit assembly, requires a smaller
hangar at the Station, and due to its performance characteristics is more forgiving in
terms of increases in payload requirements. Finally, the ballute concept is judged to be
the most adaptable to incorporation into either a space based or ground based OTV
without any additional STS hardware such as aft cargo compartments.

A final note on this comparison involves work performed on the symmetrical L/B
OTV after the aeroassist trade was completed. This work occurred in conjunction with
refinements in the ACC OTV concept during the fifth quarter. Specifically if dealt with
an update of the brake rib structure and thermal protection system. The weight
improvement in these areas lead to performance gains so that the propellant load was
reduced by 4500 lbm (see Vol. II, Book 2, Sec. 2.2.2). This improvement still resulted in
the symmetrical L/B concept requiring 1300 lbm more propellant than the ballute OTV.
Accordingly the LCC would be closer, however the recommendation for the ballute

would remain.

4.4.2 Staging
Trades up to this point in the SB OTV analysis have relied on use of a single stage
vehicle sized by the worst case mission in the low model. Using the selected SB OTV

aeroassist concept (ballute braked) an alternative concept was investigated in the form
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of a small main stage and when necessary adding an auxiliary propellant tank. The
characteristics of this alternative and the single stage concept are presented in figure
4.4-5. The small main stage was sized for the 12/0 K lbs GEO delivery and 11/1 K lbs
multimanfest missions. These missions require approximately 45 K lbs of propellant.
When more demanding missions are required, an auxiliary propellant tank is added but
this does not occur until 2001. The auxiliary tank stays with the main stage throughout
the mission (other auxiliary tank options are discussed in the GB OTV trades). The
propellant comparison indicates that for the smaller type of missions the single stage
requires more propellant because it is being flown offloaded and transporting some extra
inert weight for that mission. On larger missions, the single stage is more effective
than adding the auxiliary tanks to the small main stage.

The LCC comparison of the staging options shown in figure 4.4-6 indicates a small
advantage for the single stage concept. This advantage occurs primarily as a result of
having lower DDT&E and less operations cost associated with delivery of large GEO
payloads (greater than 12 K lbs).

The time phased LCC comparison presented in figure 4.4-7 indicates the reference
concept using a single stage does not become cheaper until after 2008. The reason for
this late payback is that during the early years of the mission model, there are more
missions of the 12 K lbs variety and those can be done more effectively by the small
main stage of the main plus auxiliary propellant tank concept. As a result, it is not until
there are more large missions that the single stage becomes more cost effective.

Our staging recommendation is that the baseline SB OTV should continue to be a
single stage concept using LO9/LH2 propellant and a ballute for aeroassist. Additional
characteristies associated with this concept have been shown previously in figure 4.1-9.
Although this concept does not payback until quite late in the mission model it does
have a lower DDT&E. In addition, this concept is less complex from an operations
standpoint in that it does not require the storage or physical integration of an auxiliarly
propellant tank at the Station. Finally, the single stage approach is more efficient with
heavy payloads which allows for more payload growth capability which would be of
particular value for the nominal model because it contains several very heavy lunar

payloads.
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5.0 GB OTY OPTIMIZATION TRADES

This section describes the trades conducted to achieve the optimized GB OTV.
These included selection of a preferred shuttle cargo bay (SCB) OTV and aft cargo
carrier (ACC) OTV and the comparison of the SCB and ACC OTV's to determine the
baseline delivery mode for GB OTV. More in-depth discussion of the configurations can

be found in Volume II Book 2 Section 2.0.

5.1 GB SCB OTV DEFINITION
This section describes the analysis performed that lead to sufficient main stage

performance and selection of an auxiliary propellant tank concept.

5.1.1 Concept Description

The GB SCB OTV concept consists of a main stage used on missions
involving< 12K ilbs GEO delivery or equivalent and an auxiliary propellant tankset for
more demanding missions. The ground based main stage OTYV is transported to orbit in
the Shuttle SCB fully fueled with a payload attached. On orbit, the OTV.and payload
are deployed and the OTV performs its mission. Upon return to LEO, the ballute is
jettisoned and the OTYV is restowed in the Orbiter's payload bay for return to the ground.
On the ground, the OTV is refurbished with a new ballute and is manifested for another
mission. When auxiliary propellant tanks are required they are delivered along with the
payload to orbit on a separate STS flight from the main stage. The main stage and
auxiliary propellant tank/payload are physically integrated at the Space Station or an
STS Orbiter.

5.1.2 Main Stage Performance Capability

Characteristiecs of the reference GB SCB OTV main stage used to conduect
performance trades are presented in figure 5.1-1. Key subsystem features including use
of a ballute for aeroassist are similar to those incorporated for the SB OTV as defined in
Section 3.1. A major difference relative to the SB OTV is that a load carrying shell
structure is used which, by its basie characteristies, provides adequate space debris and
meteriod protection. The other key difference is that an IUS type tilting airborne
support equipment (ASE) is used to transport a major portion of the launch loads into the
orbiter. The ASE also contains a helium system that is used to expel the OTV's L092 and
LH9 should a launch abort occur. The reference GB OTV concept is deployed with its
payload at 140 nmi and has a net delivered multimanifest payload of 8100 lbs. This
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value is below the goal of 10,000 lbs net payload and thus further analysis was
necessary.

Several options were investigated to achieve the desired payload capability. The
benefits of each option are presented in table 5.1-1. A higher upper limit on engine Isp
offered some improvement but still well below the goal. Reducing the payload rack
weight to 10% of the payload weight or assuming an expendable rack provided a
substantial improvement. However to achieve the desired payload goals, the
deployment altitude was decreased to 120 nmi, as well as using the reduced weight
payload rack. Deployment at 120, nmi results in the orbiter having a 1 nmi per day

decay rate when flying in a worst case "Y" POP attitude.

5.1.3 Auxiliary Propellant Tank Selection

More demanding missions such as manned sorties and 20,000 lb payloads will
significantly exceed the capability of a main stage and a single STS launch. The
additional propellant required would be provided via an auxiliary tank launched to orbit
on a separate STS flight. Auxiliary propellant tank (APT) options analyzed are discussed
in figure 5.1-2. The expendable APT concept consists of 2 side mounted tanks that
require both to be deorbited. The recoverable concept also uses two side tanks and
employs OMV to retrieve the auxiliary tanks for subsequent reuse. The integral concept
uses an in-line APT which is retained during the complete mission but is removed for
missions not requiring such large quantities of propellant.

The cost comparison and assessment of the auxiliary tank options investigated are
presented in figure 5.1-3. Although the recovery of both APT's by the OMV on a single
flight (dual-recovery) resulted in the least cost, the design scar required to allow both
tanks to be jettisoned as a single unit has not been defined as yet but the weight and
propellant penalty would undoubtedly have a major impact on LCC. [f the tanks are
jettisoned individually, the resulting trajectories most likely would necessitate single
recovery or two OMV flights which significantly increased the cost. The expendable
option requiring the tanks to burn upon reentry or land in an unoccupied portion of the
oceans requires further analysis before this concept can be declared to be the baseline.
The remaining integral concept although not the least cost does present a good
compromise between cost, risk, and uncertainty and is consequently the preferred GB
OTYV aux. propellant tank concept.

Application of an APT for a SB OTV would have similar comparison characteristies

and thus in the staging trade of section 4.4.2, an in-line APT was also used.
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5.1.4 Selected GB SCB Ballute Braked OTV

The selected GB SCB OTYV resulting from the optimization studies is shown in figure
5.1-4. Features generally relating to the ballute and heat shield are the same as for the
SB ballute braked OTV. The main stage of this concept is used by itself on 109 of 145
missions and deploys directly from the Orbiter. For more demanding missions involving
20,000 b GEO deliveries or manned GEO sorties, an auxiliary propellant tank is added
and remains with the stage throughout the flight. On these flights (36) the auxiliary
tank/payload combination is delivered to the station followed by delivery of the main
stage. The role of the station is to ensure the physical integration of the elements prior
to the mission. The stage starburn weight for multimanifest or 12,000 Ib delivery
missions is 56,461 lbs. and for manned GEO sortie missions the main stage plus auxiliary

tank weights 96,508 lbs.

5.2 GB ACC OTV DEFINITION
This section deseribes the concept and configuration for the ACC OTV.

5.2.1 Concept Description

This concept also involves use of a main stage and auxiliary propellant tank. The
ground-based ACC OTV main stage employs a symmetrical lifting brake and is launched
in the Aft Cargo Carrier. For missions involving <8.4K lbm, the payload is launched in
the Shuttle Orbiter cargo bay. On orbit, the OTV and payload are mated, and the
mission is performed similar to other ground-based OTV concepts. After the main stage
returns to LEO, the lifting brake is jettisoned and the vehicle is disassembled and
stowed in the Orbiter for the return to the ground. On the ground, the OTV is
refurbished and reassembled, then integrated into the ET ACC for re-launch. For
payloads =8.4K-lbm, an auxiliary propellant tank is required and is launched along with
payload in the Orbiter cargo bay. Again, on-orbit assembly of the main stage and

auxiliary tank/payload are required.

5.2.2 Configuration Description

A description of the configuration including weights and earth return configuration

follows.

Main Stage—No. 107. The deployed flight configuration for the four tank concept is
shown in figure 5.2-1. The concept employs (2) advanced cryogenic engines, (2) LO2

tanks, (2) LH2 tanks, an avionics equipment section and a deployed symmetrical lifting
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brake. A ballute was not considered for this concept because the short body of the
vehicle does not allow for proper attachment (distance between fore and aft attachment
points should be approximately 0.5 the radius of the ballute).

Further configuration characteristics and a weight summary is presented in figure
5.2-2. The ACC employed is a stretched version that allows the maximum length OTV.
The ACC is attached to the aft end of the shuttle's external tank. As such, only a
40 inch clearance exists between the ACC and MLP deck. The other key aspect is that
the brake is limited to a diameter of 43 ft due to stowage constraints. This is adequate
for main stage delivery missions however for missions using an auxiliary propellant tank
a diameter of 60 ft (for manned missions) would be required (assuming the same wake
heating impingement angle used for the SCB ballute concept---22 deg plus 10 deg for
angle of attack when using the lifting brake). Obviously, the 60 ft brake cannot be
incorporated within the ACC. - The weight for this size would add an additional 1700 lbm
of dry weight resulting in an extra 5000 lbm of propellant. For the purposes of
performing the SCB versus ACC OTV trade this shortfall in ACC brake diameter was
ignored.

The main stage system is capable of delivering 8.4K lbm to GEO.

Auxiliary Propellant Tanks. For missions requiring more than 8.4K-lbm, auxiliary
propellant tanks must be included. One size provided 13.8K-lbm of propellant for 12K-
lbm payload delivery missions. Another tankset shown in figure 5.2-3 provided
30.8K lbm of propellant for missions involving 20K-lbm payload or 7.5K-lbm manned

round trips.

Return Configuration. The Earth return configuration for this OTV is shown in
figure 5.2-4. The vehicle is disassembled on-orbit into four major elements: (2) LH2
tanks, LO2 tanks/avionics section, and main engine compartment. The lifting brake is
always expended as is an auxiliary tank (should it be required) because there is not

sufficient space in the cargo bay.

Weight Summary. The launch weight summary for this concept as it relates to the
major mission categories is shown in table 5.2-1. It should be noted that the ASE weight
relates to that equipment/systems necessary to launch a payload and to enable the ACC
OTV to be disassembled on-orbit and support in the cargo bay for return to Earth. The
ACC weight is the effective weight penalty as a result of staging this unit during the
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launch. A final point is that weights for any mission beyond 8.4k lbm GEO delivery

equivalent reflect two STS launches.
5.3 DELIVERY MODE SELECTION

5.3.1 Concept Summary

The key features of the two GB OTV delivery modes are summarized in figure
5.3-1. For the case of using only the main stage (a single STS flight) the SCB concept
allows nearly 1200 lbm of additional payload. The major contributor to this advantage is
that the ACC OTV requires significantly more weight in the areas of ASE plus ACC.
This ocecurs because the ASE for launching the SCB OTV/payload is adequate to return
the OTV. In the case of the ACC OTV, the ACC is required to support the OTV during
launch and additional ASE is necessary in the cargo bay to support the payload and to
enable the OTV to be returned. In addition, over 1000 lbm of the dry weight difference
relates to the ballute being more efficient than the symmetrical lifting brake. It should
also be remembered that the ACC OTV lifting brake diameter is limited to 43 ft and a
number of missions require diameters of 53 ft and 60 ft. Consequently, to accommodate
these diameters a major redesign of the main stage would be required resulting in
significant weight penalties. However for this delivery mode comparison the larger

brake diameter impact will be ignored.

5.3.2 Launch and Recovery Operations

STS flight operations in terms of launch and recovery for the SCB and ACC OTV's is
presented in tables 5.3-1 and 5.3-2, respectively. This data identifies the number of
missions requiring one or two STS flights and the resulting users charge load factor. A
full load faetor (1.0) occurs when either the weight or length of the cargo reaches three
quarters of the capacity.

In the case of the SCB OTV concept (table 5.3-1) 65 missions require a single STS
flight while 80 need two STS flights. It should be noted that on high inclination missions
the load factor is due to length requirements. For the ACC OTYV operations shown in
table 5.3-2, 13 additional flights are required for class 1 missions because of reduced
OTYV payload capability for this concept when using a single STS flight. Reduced OTV
payload capability also contributed to two additional missions requiring two STS flights
per mission.

Related to the STS flight operations are the specific OTV operations associated

with launch and recovery. In this regard, the ACC OTV has a number of unique
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operations relative to the SCB OTV. A summary of these operations is presented in
table 5.3-3 for the case of a mission involving a single STS flight. Several unique
operations must occur before the primary OTV mission begins. These include the ACC
OTYV separating from the Shuttle during the launch or in a low parking orbit and then the
OTV making a powered flight to a higher parking orbit where rendezvous and docking
occurs with the Orbiter. At this point the ACC OTV and payload must be physically
mated and an integrated system level checkout performed. These assembly/checkout
operations have been timelined and result in 11 IVA crew hours and 10 EVA crew hours.
After the ACC OTV completes its mission and returns to LEO it must be disassembled
so the elements can fit into the Orbiter's cargo bay (in the launch configuration, the
OTYV is 25 ft in diameter). These operations and stowed configuration were previously
discussed in section 5.2. Timelines have indicated 15 IVA crew hours and 20 EVA crew

hours are involved.

5.3.3 Life Cycle Cost (LCC) Comparison

The LCC comparison of the two OTV concepts performing the Rev 8 low mission
model is presented in figure 5.3-2. A $2.5 billion advantage occurs for the SCB concept
primarily due to the savings in operations cost. With 10% discounting the SCB provides
a 13% advantage.

A breakdown of the LCC in terms of specific differences in DDT&E, production and
operations cost is presented in table 5.3-4. The most significant DDT&E difference is
that the ACC OTV concept requires development of the light weight aft cargo carrier
(LWACC) that is used to support the OTV during launch. In the area of production cost,
the major difference is that the ACC OTV's auxiliary propellant tank cannot be reused
because there is no space available in the cargo bay for its return (the bay is filled with
main stage elements). Operations cost show approximately a $2 billion advantage for
the SCB OTV. The advantage in launch cost ($73 million for full launch) relates
primarily to fewer launches because of better OTV payload capability and to a lesser
degree lower load factors. The SCB also has less expendable hardware (no ACC and the
ballute is cheaper than the lifting brake). Finally, in the area of on-orbit operations, the
SCB has a significant cost advantage because on orbit assembly only occurs on 80 flights
whereas it occurs on all flights (160) for the ACC OTV, but most significantly every
flight (160) of the latter also requires disassembly before the vehicle can be returned to
Earth. Study groundrules at the time of this comparison included a cost of $75,000 per
EVA crew hour and $17,000 per IVA crew hour.

95



D180-29108-3

€E€TL-ALO

¢ SASLINN ¥ 40 NOILVHDILNI o
L SASLINN ¥ ONILHOdSNYHL/TVAONIY o

(83S OL IAILVTIIH) ANNOYD o

SHNOH M3YDI VAI 0Z »

(d3Hd TINI) SHNOH MIHD VAI GL e
3TNAON FHOD MOLS
LINIWLHVJINOD INIDONT IAONIY o
SINVL CH12Z IAOWIY o

NYNL3IH HLHVI HO4 ATAINISSVYSIA ALO o

SHNOH M3YI VAI OLe
(*d34d TONI) SHNOH M3HD VAl LL e
S.SIWH OML

1NOXMI3IHI ANV ONILVIN AVOTAVd/ALO o

LIGHO ATTSINISSV/ONINHVYC OL LHOIT4 A3HIMOd e

1194H0-NO

suonetsadQ anbjunN ALO J0V £-€°G 9198l

96



D180-29108-3

8l1ZL-ALO

uosuedwod JJ7 wesboid AL 3pelsl apop A1aA1aq paseg punoss Z-£°G ainbi4

HONNVYT AVOTAYd ANV HINNVT ANV ANNOYYNYNL ALO S3an1aNI <)

IV 83s AV g0s
0o 0
1 ]
- 2 oL
SHv1104 SHv110d
40 40
SNoIT1Ig SNoIT1ig
e Gl
¢S’t
—
86°¢ v 00z o
(%01) G31NNOISIA 8 A4 MO ® G3LNNODJSIANN

LHOIT4/WELS 'S1S MeL @

97



D180-29108-3

t61L-ALO

HIIAV3IH
ANV X317dWOJ 3HOW
ASSVSIQ:ASSY JHOW

‘174 HOV3 319vAN3IdX3
S1HOITA

1S3JINVIWILTNW JHOW

HvIS S1S
3781SSOd 10N AH3IAO0I3YH

HONNVT HOd4 d34IN03Y

MLV SAIZY 'dOYd SS31

3ON3H3I4H41a IV

Wszo'ozs

861
/891
8v8
o0ze

£9191
(z66LL)

02
6

N LSE

/> 981
(2L9)

661
95
r44]
L0t
/N 896

(8sv1)

L01-00v

JAOW AHIAIN3IA ALO

Wvsy'LL$

€L
08
68L

¢00s1
(vv6sSL)

0¢

9¢
LL

(ege)

951
9§

oL
666
(LLEL)

43S

SIS MzZL ®

umopyeaig 907 spoW A1anljad ALO 89 €6 3qel

2011vliol

W96.'8L$ = D071 SLI ‘bOL-00V HOA "d44Id SWINI N

INVHAOHIVY
SdO 119HO NO v
Sd0 JISvg

0V

_HINAYT
SNOILVYH3dO0

WOJJV NOILV1S
JIOVM1
SYUNVL dOHd "XNV

ALO

NO113Naoyd

AD0TONHO3L
WOJJV NOILY1S
ovmi

ANVL dOHd "XNV

ALO
3i1aqg

98



D180-29108-3

[t should be noted however that another ACC OTV concept (No. 104) was analyzed
in a preliminary manner and was found to reduce the LCC for the ACC concept, but is
still $1.4 billion more than the SCB concept. The 104 concept employed a single large
LH2 tank and four small LO9 tanks. Such a configuration reduced the disassembly time
and took up less space in the cargo bay so that the auxiliary tanks could also be
returned. This concept also had a 43 ft diameter brake limitation so should the proper

brake be used the cost advantage for the SCB OTV would be greater than that indicated.

5.3.4 Recommended Delivery Mode

The recommended GB OTYV delivery has the OTV placed in the SCB. The principal
reasons for this recommendation are shown in table 5.3-5. Less dry weight (including
ASE) required to perform a mission resulted in more OTV payload capability on a given
STS flight. As such, fewer flights were required resulting in less launch cost. From an
operations standpoint the SCB concept does not have nearly as much on-orbit assembly
and no on-orbit disassembly. The above factors contributed to the 13% cost advantage
for the SCB OTV. It should also be repeated that the ACC OTV concept was given a
waiver in terms of providing the required brake diameter for 82 missions. Should the
proper brake have been used, the ACC OTV LCC would have been significantly
inereased and the margin of the SCB OTV would have been even more than indicated. A
final point deals with the impact of the STS performance capability being 65K lbm
rather than the baseline of 72K-lbm. Designs analysis for each concept has indicated
the SCB OTV payload capability would be reduced from 12K to 9K-lbm for a single STS
launch. The ACC OTV payload however would reduce from 8.4 to 5.3K-lbm. The result
would be even a greater percentage of double STS launches for the ACC OTV and thus

even a larger cost penalty.
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6.0 STATION OTV ACCOMMODATIONS AND PROPELLANT LOGISTICS

A major contributor to the outcome of the basing trade is the impact of the station
accommodations, station close proximity operations, and propellant logisties necessary
to support a space based OTV. Descriptions of these elements and trades are presented
in Volume II, Book 4 and Volume IV. A summary of the top level trades and key features

of these elements is presented in the following paragraphs.

6.1 TRADES

Trades associated with propellant logistics and station accommodations and close
proximity operations are summarized in table 6.1-1. In the area of propellant logisties,
highlighted in figure 6.1-1, we found that propellant delivery to the Station for a SB
OTV was more cost effective if the Orbiter stopped at 150 nmi and the OMV was sent
from the Station to the Orbiter to pick up the propellant supply tank, deliver it to the
Station and return an empty tank to the orbiter. Replenishment of the supply once
delivered to the Station indicated either fluid transfer or tank exchange is worth further
consideration. The propellant logistics concept selected to complete our OTV program
analysis was that of using a tanker (MLI wrapped) which transferred propellant to a
permanent dewar storage tank at the Station. A propellant transfer time (between
storage tanks and OTV) of 7 hours involving 5 hours for filling and 2 hours for chilldown
was found to be most cost effective and required 20 kw of Station power. The reiative
large power requirement was necessary to compress the gases resulting from chilldown.

OTV accommodations trades included consideration of where the propellant tanks
should be located and the means used to transfer the propellant. The options are
illustrated in figure 6.1-2. Storage at the Station with tank propellant screen
acquisition systems was judged to have the best overall characteristics. An additional
benefit of this concept from a study standpoint was that storage at the Station could be
adequately assessed before the Station design gets finalized. Hangars for the SB OTV's
are necessary for debris/meteoroid protection when the OTV's are stored at the Station.
In addition, the hangar if adequately sized could simplify maintenance on the OTV. Our
analysis indicated hangar sizing for maintenance was more effective than a smaller
hangar that required moving the OTV outside for maintenance. Concepts considered for
the launch and retrieval of OTV are shown in figure 6.1-3. The most effective means
for launching and retrieving the OTV relative to the Space Station was through

incorporation of a cold gas N9 system directly into the OTV. The cold gas system was

101



D180-29108-3

£E8-ALD

SNOILYHIHO ALINIXOHd
a3ldI1dwIS ANV 1S0J 1Sv3il e

SNOILVH3dO
G3AOHJIWI ANV 1SOJ HIMO1 @

S3INSSI TVNOILYH3IdO
aGNV 1S0J 1Sv3l e

1S0J ANV H3IMOd LSv3il e

379VIA S14d3ONOJ H108
—307 H3IMO1 ATTLHODITS @

(Z9€1$ SNSHIAN GEZLS)

AGNNOd H3d 1S0J HIMO1 @

140d3H 91 ATNM 335 <)

$931 HLOS—AWO 3SN @ 1VA3IYLIY
K ———— ——SWILSAS AHVOENO @ ANV HONNY T e
YVYONVH 30ISLNO @ . |
sk ————————— HVONVH 3QISNI @  NOILVIOT ONIJIAHIS
WHO41V1d ONIATS 3344 @
NOILVLS O1 a3H3IHL3L @ AL1719v4
sk ————NOILVIS HLIM TVHDILNI @ 3IDVHOLS LNV113dOHd ®

SNOILVAQOWWOIJIV @

ALO O1 MNVL IOVHOIS
SHH L SHHOLOL . ® JNWIL HI4SNVHL e

JONVHOX3 MNVL @
(MNVL IDVHOLS + HDINVL)

sk ———=—————434SNVHLAINTd ® 3IAOW LNIWHSINI1dIH e
sk ————=—————AWO +H31IGHO ®
ATINO H3LIBHO ® JAOW AH3AIN3A

SJ11S1907 LNVI13d0OHd @

ITIVNOILVY

NOI12313S SNOI1dO Vv3dv 3AavHl

A_ $21181607 Juejjadoiyd pue suCIIEPOWIWOIINY AL (O UoNelS aedS "[-1'Q 3/qel

102



D180-29108-3

€L8°ALO

Ayddns pue Asanyaq jueedody |-1°9 ainbi4

dANQ LHO™YVY HO4
JOVHOLS WNIT3H

ANVL \r\\!‘ll

01

870988 = ALIDVdVI H e

810SLES = ALIDVAVD SO e

87089 = LHDIIM AHQ e WA V7 A

M

NOILISINDIV NITFHOS @

1d

E£'Le

Q3ddVHM ITW e i
SHNVL QI49O0S| e —
MNVL
1 7 —
14 €9l
(097 1S3IMOT)

(/M SINVL IDOVHOLS HLIM HINNVLe
JONVHIXI JNVLe
SNOILdO @

JA0OW AddNS

/ . IWN 0S1

(GNNOJ Y3d 1S0D 1SY31)
(/N AWO ONV HILIGHO *

NOILYISNI 103HiQ 4311840 »
SNOILdO ®

JAOW AHIAIT3A
HINNVL A8 dOHd ONINIVINIY @

;<m 09HVJ) $87 000°08L = HVIA HId A1ddNS IDNIAVISe
$87 000°05S = (100Z dA L) LNIWIHINDIY TYNNNY @

103



¢

& )
AVAVAV.VANAVAYS A
Z

D180-29108-3

LIQUID AcQuIsITION

® AT SPACE STATION WITH
SURFACE TENSION

LIQUID SETTLING

¢ FREE FLYER WITH
CENTRIFUGAL
e DELTA + $250M

GRAVITY GRADIENT
LIQUID SETTLING

o AT STATION WITH
TETHERED

“

K

104

i
CONCEPT B

¢ SELECTED BASELINE

ASSESSMENT Bpe OPERATIONAL ISSUES

Figure 6.1-2 Propellant Storage Location Trades

OTVv8i13



D180-29108-3

a0k y-AlG

JuawAoldag ALO £-1°9 aunbi4

Duhou._mw\#

SWHW A8 33123443 NOILISINDIV TYATIHLIY @
NOILO3HIQ A— NI 3dNlHvdIq e

—

1NOMI3IHD ANY DNILYW
AVOTAVd U314V SWHIN HLIM DNINOILISOd TVILINI @

WL0$=31aQge
WY'Z$ =1HDIN4/1S0D @

INIWAO430
\# SNOWONOLNY ALO

(h

AlOOL

SWHW

soUiND aav e

WO'vS =LHOIT4/1S00 @

b . avolAvd

<2

hid

AWO HLIM

INIWAOT43A ALO

avol
‘Avd

AWO

SWHW

B

11710

105



D180-29108-3

essentially the same as that used by the OMV. The selected approach eliminated two

separate OMYV flights to accomplish the OTV launch and retrieval.

6.2 BASELINE SYSTEMS

The baseline propellant logistics system is shown in figure 6.2-1. A typical annual
propellant delivery requirement for a SB OTV after the year 2000 is over 550,000 lbs. A
' portion of this can be provided by the scavenge propellant concept which involves a
combination of ground loading and transfer of excess propellant from the shuttle's
external tank (resulting from volume limited launches) into scavenge tanks for
subsequent delivery to the Station storage tanks. We have assumed the ACC method of
scavenge which provides 200,000 lbs of the annual requirement. The remaining
propellant therefore must be delivered using a tanker. Characteristics of the tanker are
indicated. The tanker was a MLI wrapped design with sereen acquisition and allows
60,000 lbs to be transferred into the orbital storage tanks.

Characteristics of the baseline propellant storage system at the Station are also
indicated. A total capacity of 186,000 lbs has been provided resulting from the
assumption of having enough propellant to perform a rescue mission of a manned flight
to GEO and accommodating two scavenge deliveries at maximum loadings. The
resulting system consists of two hydrogen and two oxygen tanks. Both use vapor cooled
shields and MLI to minimize on-orbit boiloff and screen acquisition systems for
capturing the propellant under near zero g conditions. A gas storage system is also
required due to the "no vent" rule imposed by the Station. This gas occurs as a result of
boiloff and vaporization as the transfer lines and OTV are chilled during the propellant
transfer operations. This gas could be used to provide a steady state power level of
3.5 kW and 84 1lbs of water per day.

The selected location for the SB OTV accommodations at the Space Station is
shown in figure 6.2-2. The indicated location is adjacent to the crew modules and is the
result of a number of considerations including constraints imposed by the Station such as
view factors for experiments, power generation systems, radiators, crew visibility,
exclusion from zones associated with Station RCS plumes or orbiter docking. Finally,
there was the implications on overall Station ec.g., movement of the OTV and its
payloads around the Station and ease of accessibility of the crew to the hangars.
Hardware elements added to the Space Station to support OTV operations are the

propellant storage tanks, the propellant transfer system, and the OTV servicing hangar.
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Accommodations for a GB OTV are limited to a small hangar to store an auxiliary
propellant tank and an integration area for when the main stage and auxiliary

tank/payload require physical integration.
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7.0 OTV BASING/PROGRAM EVOLUTION TRADE

The most significant issue influencing the overall OTV program is that of whether
the OTV should be ground based, space based or use both in a combination mode. This
trade was performed several times during the course of Phasel. Each of these
iterations reflected updates in study groundrules and further understanding of the
concepts and basing options. Only the results of the final iteration will be presented in
this report as it supercedes all prior work.

In addition to the key groundrules specified in section 2.0, the following groundrules
are significant to this trade.

1. Use the total Rev 8 low mission model.

2. All reusable configuration options use advanced cryogenic engines, ballute
aeroassist, and cost optimum and man-rating scar redundancy for unmanned flights.

3. The reference program option consists of existing expendable upper stages.

4. Reflects results of the KSC/Boeing OTV Operations Study (Jan. 1986).

5. Reflects results of MSFC/Martin Marietta Aerospace Propellant Scavenging Study
(as of Jan. 1986)---200K-lbm per year.

6. STS launch cost based on Shuttle Users Charge Policy. (Full charge occurs once
three quarters of weight or length capacity is reached but does not exceed a 1.0
factor for more demand payloads.)

7. Each OTV payload, tanker, OTV main stage, OTV plus payload, or auxiliary
propellant tank plus payload is treated as an individual cargo element for purposes
of establishing STS users charge. ASE length or weight is also included.

8. Crew (per person) cost per hour at the Space Station were $17,000 for IVA and
$75,000 for EVA.

9. The baseline performance capability of the STS is 72K 1bm to 140 nmi/28.5 degree.

7.1 BASELINE COMPARISON
This section compares several candidate basing options that use the baseline

groundrules specified in the preceding paragraph.
7.1.1 Basing Options

Three basic options in addition to a reference option were analyzed. The

characteristics of each option in terms of development and operational schedule,
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mission application and vehicle characteristics are presented in the following
paragraphs.

The reference option in this trade involved continued use of existing upper stages
including PAM-D and D-II, IUS, and Centaur. The utilization of these stages in
performing the mission model and their key characteristies are indicated in figure 7.1-1.
These stages do not have any development cost and require a total of 206 flights to
perform the 145 flight OTV mission model. The difference in flights is attributed to
multimanifesting by the OTV and for large missions the need to have a transportation
system composed of two Centaurs. Stage cost characteristics were provided by NASA.

Option 2 shown in figure 7.1-2 relates to the previously selected reusable GB OTV
concept. This approach has the GB OTV main stage beginning flights in 1994 and does
not require the auxiliary tank and Station accommodations until the 20,000 lbs delivery
missions beginning in 2001. A Station interface also occurs on missions involving
payloads =30 ft. The stage and payload are delivered to the Station on separate STS
flights and are then attached to each other. The main stage is used on all flights and
the auxiliary tank on 36 flights. Weights for the "main stage only" reflect an unmanned
cost optimum redundancy configuration whereas the main plus auxiliary tank values are
for manned GEO missions. The configuration and weight summary for a manned sortie
mission is shown in figure 7.1-3. This configuration is the same as previously discussed
in Section 5.3 with the exception of the auxiliary tank which has been changed to a two-
tank rather than four-tank arrangement resulting in improved performance.

Option 3, presented in figure 7.1-4, is primarily the SB OTV concept; however, by
study groundrules this concept cannot begin until 1997 when the growth or FOC space
station was to be available. Consequently, this option uses existing upper stages for the
first three years of the mission model. Station accommodations must also be ready at
the same time as the SB OTV. The SB OTV performs 124 of the 145 flights in the model.
The baseline SB ballute brake OTV configuration and key features as sized by the
manned mission is shown in figure 7.1-5. A major factor associated with any option
using a SB OTV is the erew hours associated with preparation of the vehicle for the next
flight. A summary of the required hours to perform this operation as indicated by the
Boeing OTV Operations Study for KSC is presented in figure 7.1-6. Also indicated are
the values developed by the Boeing OTV Concept Definition team earlier in the study.
The Operations Study values are higher and are generally attributed to a more in-depth
analysis. Based on the crew cost specified in the groundrules, the processing cost for

each SB OTYV flight is $9 million.
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7.1-6 SB OTV On-Orbit Process

Figure



D180-29108-3

The fourth option also shown in figure 7.1-4 involves use of both the ground and
space based OTV's. The program begins with a GB OTV main stage which has sufficient
capability to perform 81 out of 145 flights using a single STS launch. The remaining 64
flights can be done more effectively using the SB OTV beginning in 1997. A large
degree of commonality exist between SB and GB OTV in the areas of main engine, RCS,
avionies, and ballute design. A variation of this option was to have the GB OTV main
stage operate only until the SB OTV was available. This variation was analyzed early in
the study (midterm) and indicated that (1) it was more effective than use of existing
upper stages for 3 years but (2) it was not as effective as continued use of the GB OTV

throughout the mission model as defined in option 4.

7.1.2 Cost Comparison

The LCC comparison of the options is presented in figure 7.1-7. Use of existing
upper stages to perform the low mission mode! tends to result in a significant penalty
relative to any of the reusable OTV options. The least cost (undiscounted) approach is
provided by option 4 which is the combination of reusable GB plus SB OTV's although the
DDT&E and produetion is considerable higher than the all GB OTV concept. From a
discounted standpoint (primary selection criteria), the all GB OTV option results in the
least cost because its lower DDT&E cost offsets the lower operations cost of the GB
plus SB OTV concept.

A more in depth breakdown of the major cost contributors in the basing trade is
presented in table 7.1.-1. In the area of DDT&E, the options using SB OTVs are higher
because of Station accommeodations and tanker cost and the combination system has the
additional cost due to developing both a GB and SB OTV. Production costs are higher
for the options using space basing again because of the Station accommodations and
tanker provisions. In the area of operations, the space based options require the
greatest cost in the initial orbital placement of Station accommodations. Option 3 must
rely on existing upper stage during the first three years of missions, and this contributes
to it having a higher cost. Variation in operations costs for 1997-2010 are due to a
variety of reasons. The all GB OTV costs are driven up considerable because 80 missions
require two shuttle flights (each with average load factor of 0.75). Option 3, relying on
SB OTV's, has slightly higher cost. Contributing to the SB OTV's operations costs
relative to the GB OTV is the higher cost for OTV turnaround at the Station, launch of
subsequent empty OTV's to maintain the fleet, launch of OTV spares and Station
accommodation spares, launch of the second set of Station accommodations, and tanker

turnaround and spares. Option 4, involving both GB and SB OTV's, has a significantly
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lower cost for this time period because it takes advantage of the best features of each
type of OTV. The GB is very effective for GEO payloads <12K lbm and Molnyia
deliveries. The Molnyia mission is done much more efficiently using GB rather than SB
because the Shuttle can launch into a 57 degree inclination and thus the OTV only
requires a 7 degree plane change instead of nearly 35 degrees if it were space based.
The remaining missions are done more effectively using the SB OTV because the
majority of its propellant can be obtained via propellant scavenging STS flights.

Further resolution on the operations cost is presented in table 7.1-2. In this case,
emphasis is placed on cost associated with functional elements of the operations cost.
The most significant contribution comes from launch cost which has been broken down
by cargo type. The existing stages and payloads category for the 3 main basing options
only applies to the SB OTV mode for the first three years. The difference in GB OTV +
payload launch cost is due to fewer GB OTV flights for the GB + SB option. Payload
only launch cost is less for the combination OTV option because it has fewer SB OTV
flights. Propellant launch cost is also less for the combination option because most of
its propellant is obtained via scavenging ($250/1bm) rather than via tanker ($1500/1bm).
On-orbit processing cost is highest for the SB option because 121 flights are involved as
opposed to only 64 SB OTV flights in the combination model. The GB OTV option value
reflects 80 flights requiring only on-orbit mating of the main stage with payload or
auxiliary tank/payload combinations rather than full servicing as required by space
based OTV's. '

Average cost per flight breakdown for GB and SB OTVs is shown in table 7.1-3. For
the GB OTV there are 109 flights which cost $79 million each as compared with the
average cost for a SB OTV of $119 million. However, for the remaining 36 flights of the
mission model, the GB OTV concept requires launching the auxiliary propellant tank
with payload on a separate flight from the main stage resulting in a cost per OTV flight
of $153.7 million versus the SB OTV cost average of $119 million.

7.2 SENSITIVITIES

In addition to the baseline comparison of the basing options several sensitivities
were investigated. These included the impaet of an STS having 65K lbm capability,
variation in the amount of scavenging propellant, and variation in the number of OTV
flights. Sensitivity to use of a large unmanned cargo launch vehicle was analyzed during

the last quarter of the study and reported in Volume IX.
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7.2.1 65K STS Impact

Each of the basic options previously discussed in section 7.1.1 were evaluated for
their impact should the performance capability of the STS be 65 K-lbm rather than
72K-lbm. No other groundrule involving cost was changed. In summary, each of the
options required additional flights as indicated by table 7.2-1. Also included is the delta
cost to the baseline that used a 72K-1b STS.

In the case of the GB OTV, 13 additional multiple manifest OTV flights were
required and two 12K-lb payloads had to go to dual STS launches. The OTV
configuration for the 65K-1b STS is shown in figure 7.2-1. The single launch payload
capability for this OTV is 9K-lbm to GEO which brings about the extra launches. A
small auxiliary tank (Wp = 13K-lbm) and large auxiliary tank (Wp = 39.6K-1bm) are used
with the main stage configuration for 12K-lbm and 20K-lbm or 7.5K-lb round trip
missions, respectively. A weight summary for this option is shown in table 7.2-2.

The SB OTV option does not require a change in OTV configuration because it is
fueled on-orbit. The propellant delivery tanker however must be reduced in capacity
from 61K-lbm to 55K-1bm resulting in 8 additional STS launches.

The GB and SB OTV option has the same number of delta launches for the GB OTV
portion as specified earlier for the GB OTV only option. There is less of an increase for
the SB OTV portion because again, most of its propellant is obtained by scavenging.

The summary LCC comparison for this case is presented in figure 7.2-2. The GB
and SB OTV combination still gives the least undisecounted cost while the GB OTV only
option provides the lowest discounted cost. A cost comparison of the options as a
function of STS capability is shown in figure 7.2-3 (undiscounted) and figure 7.2-4
(discounted). It will be noted from these plots that the SB OTV option improves on a
relative basis to the other options as STS performance capability decreases. This
situation occurs because propellant can be manifested into the STS more efficiently
than can an OTV with its payload. Projection from the discounted cost curve indicates
however that the SB OTV option would not equal the cost of the other options until STS
capability is reduced to approximately 50K lbm.

7.2.2 Propellant Scavenging

Propellant scavenging deals with the concept of transporting a limited amount of
propellant to orbit for SB OTV use on shuttle flights that are volume rather than weight
limited. A portion of the propellant can be loaded in the scavenging tanks on the ground
and the remainder obtained from the propellant remaining in the external tank after the

launch. This concept has been characterized in contract NAS 8-35614. The baseline
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comparison used an ACC for holding the scavenging tanks and provided an average of
14K lbm per STS flight for a total of 200K lbm per year. The DDT&E cost for the
system including ACC was $240 million and 10 scavenging tank set systems had a
production cost of $107 million. The average recurring cost (refurb of tank set plus the
expendable ACC hardware) was $250 per pound of delivered propellant. Per study
ground rules, there was no STS users charge associated with the delivery of the
propellant. The basing trade LCC sensitivity to the amount of scavenging propellant is
shown in figure 7.2-5 (undiscounted). The discounted cost was previously shown in figure
7.2-4. For the 72K-STS, and discounted costing, the scavenging propellant quantity must
go from 200K lbm to nearly 500K Ibm per year for the SB OTV concept to equal the cost
of the GB OTV. Should a 65K STS be employed, the undiscounted LCC breakeven point
would be a scavenging quantity of approximately 300K-lbm. If no scavenging is
available or if transportation cost is included the SB OTV option gets significantly

worse.

7.2.3 OTYV Flight Rate

The last basing option sensitivity to be discussed is that of OTV flight rate. The
results of this sensitivity are presented in figure 7.2-6. The baseline Rev. 8 low mission
model involved 145 OTV flights and the nominal model had 265 flights. The cost per
flight indicated for each basing option is the composite value for all the missions in the
model. Because the SB OTV option has a higher average cost per OTV flight it is
obvious that larger mission models in terms of number of flights will not result in this
option being the least cost. What could change the cost result in terms of mission model
would be a major change in composition; that is a higher percentage of heavy and long
payloads and more round trips. Such a model would penalize the GB OTV option and
enhance the cost characteristies of the SB OTV option. However, as with the current
models a combination of GB plus SB OTV's would most likely still result in the least cost

because there will be missions best adapted to one or the other of the OTV's.

7.3 OVERALL ASSESSMENT AND RECOMMENDATION

The assessment of the basing trade options is presented in table 7.3-1. The

" recommendation at this time is to begin with a reusable ground based OTV consisting of

only a main stage. To satisfy more demanding missions after the turn of the century,
several options are available depending on the specific nature of the mission require-
ments. Those options are to add either an auxiliary propellant tank to the inventory or
develop a full fledged SB OTV to be used in conjunction with the GB OTV. Use of the

auxiliary tank is our current baseline and will result in a minimum scar to Space Station
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hardware and operations as only the physical integration of the main stage and auxiliary
tank/payload are involved. Either of these two options provide LCC and cost per flight,
and DDT&E advantages over a pure SB OTV option and over continued use of existing
upper stages. In addition, because the concept does not require early use of the Space
Station it has the potential to have an IOC as early as 1994. However, should data
become available that indicates the eventual need of a SB OTV, the GB OTV provides a

good evolutionary path.
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8.0 PROGRAM EFFECTIVENESS

The effectiveness of a reusable OTV program relative to an existing all expendable
upper stage fleet was shown in section 7.0 when considering a total mission model.
Another measurement of effectiveness is the comparison of the reusable OTV and
expendable stage based on delivery cost to the payload. This comparison using the main
stage of the GB OTYV is presented in figure 8-1.

The results indicate that for payloads currently delivered by PAM upper stages the
total cost including launch per payload is $27.3 million in 1985 dollars. The GB OTV
main stage has the capability to deliver four of these payloads on one flight yielding an
average cost to the payload of $20 million which ineludes launch, OTV unit cost
amortization, OTV turnaround cost and payload integration. Compared to PAM DII
delivery, the OTV provides a $4 million per payload margin with three payload delivered
on one flight and in addition the OTV has nearly 2000 lbs of payload margin. The OTV is
capable, from a mass standpoint, of delivering two IUS class payloads which would
reduce the cost to each payload by nearly $80 million. One 10,000 to 12,000 lbs Centaur
equivalent payload could be delivered by the OTV which would reduce the payload
delivery cost by nearly $50 million. Expressed as cost per pound of payload to GEO the
GB OTYV yields $6,600/1b versus $10,000/1b for Centaur.

In summary, because of reusability and good performance characteristics payloads
can be delivered in a cost effective manner with a new generation reusable orbit
transfer vehiele. It should be noted however that a new expendable was not considered

in the Phase I analysis, but was investigated in Phase Il and reported in Volume [X.
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